L ymphedema is usually caused by lymphatic disorder due to various causative conditions, including surgery, radiation, trauma, and infectious diseases. In the clinical setting, although investigators have struggled to reveal the actual mechanism of lymphodynamic disorders, the diagnostic and therapeutic strategies against lymphedema remain unestablished.
Background: Diagnostic and therapeutic strategies for lower-limb lymphedema have not yet been established. The purpose of this study was to estimate the lymphodynamic condition and therapeutic efficacy of lymphovenous anastomosis (LVA) in lower-limb lymphedema patients using 2-phase 99m Tc-phytate lymphoscintigraphy with single-photon emission computed tomography-computed tomography (SPECT-CT). Methods: In this study, consecutive patients with lower-limb lymphedema who underwent 2-phase lymphoscintigraphy using 99m Tc-phytate were enrolled between June 2013 and June 2014. SPECT-CT was also performed to clarify the relationships between functional and morphological information. In both the early and delayed images, inguinal lymph node accumulation, dermal backflow, and their sequential alternations were evaluated, and liver-to-blood ratio and inguinal lymph node-to-blood ratio were calculated. All participants were classified into 6 types of lymphodynamic conditions based on the image findings. Patients with both dermal backflow and associated normal lymphatic vessel accumulation proceeded to LVA and underwent a second lymphoscintigraphy after the operation. Results: Of all 30 participants, the largest population was categorized as type 4, which had consistent inguinal lymph node accumulation defect with dermal backflow. In 12 operated cases, dermal backflow was degraded in 10 cases by LVA. Liver-to-blood ratio in both early and delayed images and inguinal lymph node-to-blood ratio in delayed image significantly increased after LVA. Conclusions: Lymphoscintigraphy with SPECT-CT can provide both functional and morphological information simultaneously in patients with lower-limb lymphedema. Using these procedures, a type categorization for the patients was devised, which reflects their lymphodynamic conditions. The therapeutic efficacy of LVA could also be estimated quantitatively by the derived findings. Lymphoscintigraphy using  99m Tc-human serum  albumin diethylenetriamine pentaacetic acid (  99m Tc-HSAD) 1-3 is commonly adopted to evaluate the lymphodynamic condition in lymphedema patients, and its type categorization using this modality has already been established. 4 However, as 99m Tc-HSAD promptly distributes to entire vascular systems due to its small particle size (2-3 nm), discriminating lymphatic vessels from veins may prove to be difficult. Compared to this, 99m Tc-phytate has a larger particle size (200-1000 nm) and is usually trapped in inguinal lymph nodes. 5 Such characteristics of this tracer might facilitate further comprehension of lymphodynamic conditions, including main lymphatic vessels' flow and lymphovenous shunt. Thus, this tracer was chosen for lymphoscintigraphy in this study. Recently, single-photon emission computed tomography-computed tomography (SPECT-CT) combined systems have been introduced for clinical use. We believe that 99m Tc-phytate lymphoscintigraphy, integrated with SPECT-CT fusion image, allows us to interpret the detailed lymphodynamic conditions by combining functional and morphological information 6, 7 and helps to establish a new clinical staging system for lower-limb lymphedema. Common surgical treatment for patients with lower-limb lymphedema is lymphovenous anastomosis (LVA). [8] [9] [10] This modality may also promote the comprehension of LVA's therapeutic efficacy.
The purpose of this study was to estimate the lymphodynamic condition and therapeutic efficacy of LVA in lower-limb lymphedema patients using 2-phase 99m Tc-phytate lymphoscintigraphy with SPECT-CT.
MATERIALS AND METHODS

Patient Enrollment and Physical Examinations
Consecutive patients with lower-limb lymphedema who underwent an initial lymphoscintigraphy between June 2013 and June 2014 were enrolled in this study. Patients with deep vein thrombosis and generalized edema were excluded. At their initial visit, all participants were interviewed about their history of lower-limb lymphedema and its causative conditions. International Society of Lymphology (ISL) stage 11 and lower extremity lymphedema (LEL) stage, 12 derived by calculating a lower-limb swelling index, LEL index, were confirmed according to their symptoms and/or physical examination findings. All patients provided written informed consent, and this study was approved by the Ethical Committee of Nippon Medical School Hospital.
Lymphoscintigraphic Imaging with SPECT-CT
Tc-99m-phytate 185 MBq in a total volume of 1 mL was subcutaneously injected into the first interdigital spaces on both sides of the feet by using a 27-gauge needle. The interval between the 2 injections was less than 1 minute. Injection sites were massaged for 3 minutes to facilitate tracer transport into lymphatic systems. Acquisitions were performed using a SPECT-CT combined system equipped with a dual-headed gamma camera, Symbia T2 (Siemens Healthcare Japan, Tokyo, Japan). Anterior and posterior planar images from chest to foot were acquired, starting at 2 time points, 12 and 90 minutes after the injection. The acquisition from each time point proceeded over 10 minutes. SPECT-CT images from foot to inguinal area were acquired over 30 minutes, starting at 25 minutes after the injection, and a total of 30 projection images were obtained over an orbit of 360 degrees in 6-degree increments at a rate of 30 seconds per projection. The image matrix size was 128, the pixel size was 4.8 mm, and a low energy high-resolution collimator was used. Images were acquired on the 140 keV photopeak, with a 20% symmetrical energy window.
In both early and delayed lymphoscintigraphic images with SPECT-CT, the lymphodynamic findings, including lymphatic vessel accumulation, inguinal lymph node accumulation, and dermal backflow, were interpreted with the consensus of 2 experienced nuclear radiologists. Furthermore, inguinal lymph node accumulation on the affected side was graded into normal, reduced, and defect in both early and delayed planar images, compared with those on the unaffected side. Dermal backflow was assessed in the SPECT-CT images to comprehend its 3D distribution. After these findings, all participants were categorized into 6 types (type 0-5) as shown in Table 3 . Patients without abnormal findings were categorized as type 0; patients with abnormal inguinal lymph node accumulation and negative dermal backflow were categorized as type 1; those with normal inguinal lymph node accumulation and positive dermal backflow were categorized as type 2; those with abnormal inguinal lymph node accumulation and negative dermal backflow were categorized as type 3; those with inguinal lymph node accumulation defect and positive dermal backflow were categorized as type 4; and patients with inguinal lymph node accumulation defect and negative dermal backflow were categorized as type 5.
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Conducting LVA and Evaluation of Its Efficacy with Postoperative Lymphoscintigraphy
Patients with both dermal backflow and associated normal lymphatic vessel accumulation proceeded to LVA to reduce lymphostasis. Indocyanine green lymphography [13] [14] [15] was also performed immediately before LVA to detect superficial lymphatic vessels and ensure the indication of LVA. The patients who experienced LVA underwent a second lymphoscintigraphy 1 month after the operation. Its imaging procedure was identical to that in the preoperative test.
In the operated cases, postoperative lymphoscintigraphy was implemented to evaluate the efficacy of LVA, and the images were visually interpreted. Furthermore, liver and inguinal lymph node accumulations in initial and second lymphoscintigraphy were quantitatively evaluated. In both early and delayed planar images, regions of interest were drawn on the entire liver and left ventricle. Liver-to-blood ratio (LBR), which indicates the shunt volume from lymphatic vessels to veins, was then calculated by dividing the mean liver count by the mean blood count. Inguinal lymph node-to-blood ratio (ILBR), which indicates the transport capacity of main lymphatic vessels in lower limb, was also calculated by dividing maximal inguinal lymph node count by the mean blood count. These quantitative parameters, in both early and delayed images, were respectively compared between pre-and postoperative tests.
Statistical Analysis
Quantitative variables were expressed as mean ± SD for normally distributed data. For data not distributed normally, such as LEL index, LBR, and ILBR, data were presented as median with 25th and 75th percentiles. Categorical variables were presented as number (%).
In comparison of operated and nonoperated patients, age was compared using a Welch test as it was a parametric variable with unequal variance. ISL and LEL stages were compared using a G test with William's correction. Categorical variables, such as gender, previous cellulitis, and causative diseases, were compared using a Fisher's exact probability test. In the cases undergoing LVA, inguinal lymph node accumulation between pre-and postoperative images was tested for significance using a G test with Williams' correction. The perioperative variations in LEL index, LBR, and ILBR were tested for significance using a Wilcoxon signed-rank test.
A P value < 0.05 was considered statistically significant. All statistical analyses were performed using StatMate IV software version 4.01 (Advanced Technology for Medicine and Science, Tokyo, Japan).
RESULTS
Patient Characteristics
In total, 30 participants were included in this study, and Table 1 shows their characteristics. The study population included 5 men and 25 women, with a mean age of 66 years. In the ISL staging system, 27 (90%) were categorized as stage II, and 3 (10%) were categorized as stage III. In the LEL staging system, 14 (47%) were categorized as stage I, 12 (40%) were categorized as stage II, and 2 were categorized as stage III. Their known causative diseases were gynecological cancer (37%), trauma of lower limb (7%), and lymphangitis (3%).
Initial Lymphoscintigraphic Findings and Type Categorization
In the inguinal lymph node accumulation on the affected side, 21 (70%) showed accumulation defect and 4 (13%) showed reduced accumulation in the early image, and 17 (57%) showed accumulation defect and 8 (27%) showed reduced accumulation in the delayed image (Table 2) . Of all participants, 21 (70%) demonstrated dermal backflow (Table 3) . The results of categorization into 6 types were shown in Table 3 , and type 4 had the largest population of participants (14 of 30; 47%).
Conducting LVA and Its Efficacy
Twenty-one patients were confirmed to have an indication for LVA, according to the criteria in this study. Of these, 9 did not undergo LVA, as they chose to reject the treatment. The remaining 12 patients (1 man and 11 women; 65 ± 10 years) underwent LVA.
In the patients undergoing LVA, their ISL stage remained unchanged, and their LEL index significantly decreased in the postoperative test (P = 0.003) (Fig. 1) . Furthermore, cellulitis did not occur in each participant after the operation. In the postoperative lymphoscintigraphy, dermal backflow disappeared in 2 cases (17%) and decreased in 8 cases (67%) compared with the initial test. As shown in Figures 2 and 3 (Fig. 3) .
DISCUSSION
The present study was performed to assess the lymphodynamic conditions in patients with lymphedema using 2-phase 99m Tc-phytate lymphoscintigraphy integrated with SPECT-CT. Of the 30 participants, 25 (83%) showed abnormal inguinal lymph node accumulation in lymphoscintigraphy, and 21 (70%) demonstrated dermal backflow. In 10 of 12 operated cases, dermal backflow was degraded after LVA, and this treatment significantly improved their LEL index, LBR, and ILBR.
Two-phase 99m
Tc-phytate Lymphoscintigraphy with SPECT-CT
Lymphoscintigraphy has been widely adopted to evaluate the lymphodynamic condition in patients with lower-limb lymphedema.
1-3 Maegawa et al 4 categorized secondary lymphedema cases as 5 types using 99m Tc-HSAD lymphoscintigraphy, applying the categorization system to confirming LVA indication. However, as 99m Tc-HSAD promptly distributes to the entire vascular systems, due to its small particle size (2-3 nm), discriminating lymphatic vessels from veins may be difficult. Compared with this, because 99m Tc-phytate has a larger particle size (200-1000 nm), this tracer migrates along lower-limb main lymphatic vessels more slowly than 99m Tc-HSAD and is largely trapped in inguinal lymph nodes. 5 Such characteristics of this tracer might facilitate a more detailed observation of lymphodynamic abnormality, by comparing 2-phase images at 12 and 90 minutes, and clarify lymphatic transport capacity in relation to inguinal lymph node accumulation (Fig. 4A) . For these reasons, we believe that 99m Tc-phytate is a more suitable tracer than 99m Tc-HSAD for comprehending lymphodynamic conditions in lower-limb lymphedema patients.
Recently, SPECT-CT combined systems have been introduced for clinical use. Conventionally, as lymphoscintigraphy usually obtains anterior and posterior planar images alone, lacking morphological information, it is not possible to comprehend the detailed location and distribution of tracer accumula- tion. Conversely, because SPECT-CT simultaneously provides both functional and morphological information, it can discriminate lymphatic vessels from veins (Figs. 4B , 5B, and 5C) and can also discriminate dermal backflow from lymphatic vessel accumulation (Fig. 5D) . Additionally, it also can locate the suitable lymphatic vessels for LVA (Fig. 6C ).
Type Categorization of Lower-limb Lymphedema
In this study, 2-phase 99m
Tc-phytate lymphoscintigraphy with SPECT-CT provided the information about inguinal lymph node accumulation via lowerlimb main lymphatic vessel, dermal backflow, and hepatic accumulation. Inguinal lymph node accumulation may reflect lower-limb lymphatic transport capacity, dermal backflow may reflect the degree of lymphostasis, and hepatic accumulation may reflect the degree of lymphovenous shunt. According to this information, all patients could be categorized as 6 types (type 0-5) ( Table 3) . Several cases showed no dermal backflow and lymphatic vessel accumulation. In such cases, it is presumed that lymphatic fluid in lymphatic capillaries does not flow into lymphatic vessels but directly flows into blood capillaries via already existing lymphovenous shunt. [16] [17] [18] Whereas we currently do not have enough data for indicating the relationship between this categorization and severity of lower-limb lymphedema, we believe that this functional information will facilitate establishing a new clinical staging system.
Conducting LVA and Evaluating Its Efficacy
In this study, patients with both dermal backflow and associated normal lymphatic vessel accumulation proceeded to LVA to relieve lymphostasis, and its efficacy was evaluated. Previously, although several investigators attempted to institute a quantification method for evaluating LVA efficacy, the standard method has not been established.
In the visual analysis of this study, pre-and postoperative lymphoscintigraphy with SPECT-CT could demonstrate that LVA relieved lower-limb edema and dermal backflow. Figure 6 is a representative case that shows improved dermal backflow in the postoperative SPECT-CT images. Furthermore, in 2 operated cases, their inguinal lymph node accumulation was improved from defect to positive by LVA (Table 3) .
In the present study, 2 quantitative variables, LBR and ILBR, were calculated in pre-and postoperative images. LBR was obtained by dividing the mean liver count by the mean blood count, signifying the degree of hepatic accumulation. As 99m Tc-phytate is commonly ingested by Kupffer cells located in hepatic sinusoid, the majority of the tracer, which entered into blood vessels via lymphovenous shunt, accumulates in the liver. 19 Therefore, this parameter indicates the degree of lymphovenous shunt. As shown in Figure 2 , because LBR significantly increased after LVA in both early and delayed images (P = 0.011 and 0.013, respectively), LVA would have increased their lymphovenous shunt. The other variable was ILBR, which indicates lymphatic transport capacity. In the operated cases, although ILBR in early image showed little change due to instability of blood pool accumulation, ILBR in delayed image significantly increased after LVA (P = 0.003) (Fig. 3) . These results indicate that ILBR is an accurate measure of LVA-induced improvement in lymphatic transport capacity. Whereas LVA aims to alleviate lymphedema by delivering lymphatic fluid into venous system, hence reducing lymphostasis, these data indicate that relieving lymphedema may also improve lymphatic transport capacity. This can be associated with the previous clinical and basic science studies, indicating that the pathological and physiological abnormalities in lymphatic systems caused by obesity may recover through weight loss.
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Study Limitations
The main limitation of this study was the small sample size, which limits the statistical reliability of the analyses. Another limitation was the lack of a control group or other treatment group. Moreover, future studies that examine the correlation between the test results and clinical symptoms may be required. Increasing the number of cases and longterm follow-up will be necessary in establishing a new clinical staging system for lower-limb lymphedema. . an 81-year-old woman with bilateral lower-limb lymphedema caused by a surgery for uterine cervical cancer. the right lower limb, with more severe lymphedema than the opposite side, was regarded as affected side (iSl stage: ii and lel index: 338). Both the early and delayed images show inguinal lymph node accumulation defect. although the planar images cannot discriminate the lymphatic vessel in the medial lower thigh from dermal backflow (a, red arrow), SPect-ct images provide the correct information as dermal backflow (D, red arrow). Furthermore, whereas the planar images cannot determine whether the tubular accumulation in the medial thigh is lymphatic vessel or vein, SPect-ct showed vein to be the definitive answer, according to its morphological information. therefore, this case was categorized as type 5. a, lymphoscintigraphy early and delayed images. B, ct image. c, SPect-ct image of thigh. D, SPect-ct image of lower thigh. 
